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Department of Physics, Chonnam National University, Gwangju 500-757, Republic of Korea
A field-interaction scheme is introduced for describing the Aharonov-Bohm effect, fully consistent
with the principle of relativity. Our theory is based on the fact that local field interactions are
present even when a particle moves only in a field-free region. The interaction Lagrangian between
a charge and a flux is uniquely constructed from three principles: Lorentz covariance, linearity in
the interaction strength, and a correct stationary limit of charge. Our result resolves fundamental
questions raised on the standard interpretation of the Aharonov-Bohm effect, concerning its duality
with the Aharonov-Casher effect and the equivalence between the potential and the field-interaction
models for describing the electromagnetic interaction. Most of all, potential is eliminated in our
theory, and all kind of the force-free Aharonov-Bohm effect is understood in a unified framework of
the Lorentz-covariant local interaction of electromagnetic fields.
I. INTRODUCTION
Aharonov-Bohm (AB) effect [1, 2] has changed our no-
tion of electromagnetic field and potential. It is known
as a milestone in our understanding of electromagnetic
interactions, which describes a quantum interference of
a charged particle moving in a region free of electric and
magnetic fields. The general consensus is that the AB
effect demonstrates the invalidity of the classical picture
of electromagnetism based on the local action of fields.
Aharonov-Casher (AC) effect [3], dual to the AB phe-
nomenon, shows a phase shift of a magnetic moment (or a
fluxon) moving around a charged rod. It has been shown
that AC effect is also free of force [4, 5], but standard view
draws an apparent distinction between the two phenom-
ena, although it has been rarely noticed. In contrast to
the AB effect, the incident particle (fluxon) moves under
a nonvanishing field generated by the charge in the case
of AC effect [6]. Despite this distinction, the two effects
are in fact the same phenomena in two dimension with a
charge and a fluxon - only their reference frames are dif-
ferent. Even though the observable phenomena depend
only on the relative motion of a charge and a fluxon in
two dimension, a unified picture, fully consistent with the
principle of relativity, is lacking.
In this paper, we present a unified theoretical
framework which removes the reference-frame-dependent
(”nonlocal” or ”local”) description of the AB and AC ef-
fects. Our framework is based on a Lorentz-covariant
field-interaction between a charge and a localized flux.
The AB effect can be understood in this fully relativis-
tic and local viewpoint. The AB phase shift is derived
from the Lorentz-covariant interaction Lagrangian, and
the force-free nature of the effect is also maintained. The
present study suggests a fundamental change in our no-
tion of the potential: The AB effect can be described
purely in terms of local interaction of fields, and the role
of fields and potentials are unified both in the classical
and in the quantum theories. We believe that our study
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could initiate further research to clarify the issue of the
nonlocality in electromagnetic action.
The paper is organized as follows. In Section II, critical
questions are addressed concerning the standard, non-
local viewpoint of the AB effect. Section III describes
our local-interaction-based Lorentz-covariant approach
to the AB effect. Conclusion is given in Section IV.
II. QUESTIONS CONCERNING THE
STANDARD VIEWPOINT OF THE
AHARONOV-BOHM EFFECT
First, let us consider the interaction of a point charge,
e, and a localized fluxon with its flux value Φ, in two
spatial dimension [3, 5] (Figure 1(a)). The observable
phenomena here depend only on the relative motion of
the two entities, in that (1) a phase shift is acquired
for one-loop rotation of one particle moving around the
other, and, (2) the interaction between the particles is
free of force in both cases. In spite of this equivalence, the
standard view draws a clear distinction between the two
cases, namely “Type I” and “Type II” (Figure 1(b)) [6].
In Type I, a charge is moving in a field-free region. The
observed AB phase is interpreted as a pure topological
effect where the charge is interacting with the flux only
in a nonlocal way. In Type II, a neutral particle with a
magnetic moment (fluxon, in our case) moves under the
influence of the electric field generated by the charge [3].
Although the net force applied to the fluxon vanishes [4],
the observed phase shift can be fully understood in terms
of local interaction of the fluxon with the external elec-
tric field [7]. This distinction of the types depending
on the reference frame should not be inherent, because
the AB and the AC effects in two dimension are in fact
the same problem in that only a relative motion of the
two objects matters. A single unified description, fully
consistent with the principle of relativity, is desirable for
understanding both types of the AB effect.
Next, we address the the two different ways of describ-
ing the electromagnetic interaction between the charge
and fluxon. In fact, equivalence of the two different ap-
proaches for describing the electromagnetic interaction
2energy is well established in classical electrodynamics
(see e.g., Ref. 8). For a current distribution (j1) in the
presence of a magnetic field B2 (= ∇×A2) from an inde-
pendent source, the interaction energy of the two entities
is given by 1
c
∫
j1 ·A2dx, coupling of the current and the
vector potential (A2). Alternatively, it can be expressed
as 14pi
∫
B1 · B2dx, where B1 is the magnetic field gen-
erated by the current j1. When it is applied to the AB
effect, the general consensus is that only the potential-
based approach is valid. It is hard to see why and how the
equivalence is broken in a quantum mechanical treatment
of the interaction. To prove that only the potential-based
model is relevant, it would be necessary to show how the
equivalence of the two model is broken. In the following,
we show that this is not the case, and that the equiva-
lence of the two approaches is preserved also in quantum
theory.
III. LORENTZ-INVARIANT
FIELD-INTERACTION APPROACH
The questions raised in Section II are resolved in our
theoretical framework presented here. We develop a field-
interaction scheme which is fully consistent with the spe-
cial theory of relativity. The local field interaction of two
particles (charge and fluxon) in two dimension is treated
on an equal footing (Figure 1(a)) (The usual picture of a
test particle moving around an external source is inappro-
priate here). For moving charge and fluxon (with their
velocities r˙ and R˙, respectively), there are two sources of
field interactions, (1) between the magnetic field of the
fluxon and that of the moving charge, and, (2) between
the electric field of the charge and that of the moving
fluxon. Each interaction term was treated for a classical
force explanation of the AB [9–11], and of the Aharonov-
Casher (AC) [12] phase shifts, respectively. Although
the classical force based on the field interactions was re-
futed both theoretically [4, 5] and experimentally [13],
we point out that the field-interaction framework itself
is not erroneous. The main drawback of the previous
field-interaction approaches is that the interaction term
depends on the reference frame, violating the principle
of relativity. Below, we provide a Lorentz-covariant field
interaction scheme to get rid of this problem.
A. Construction of the Lagrangian
The Lagrangian, L, of the system is given by L =
Le + LΦ + Lint, where Le, LΦ, and Lint represent a free
charge (e), a fluxon (Φ), and their interaction, respec-
tively. The self field energies diverge for point particles
and are therefore neglected. In any case, the self field en-
ergy does not affect our analysis. The interaction term,
Lint =
∫
Lintdx, is constructed from the following three
first principles: (1) The Lagrangian density Lint is in-
variant under Lorentz transformation and space inver-
sion, (2) linear in field strengths, and (3) Lint is reduced
to −eV , the correct limit of the stationary charge, with
the electric scalar potential V generated by the moving
fluxon. It is surprising that the interaction Lagrangian
is uniquely determined from these constraints as
Lint =
1
8π
∫
F (e)µν F
µν(Φ) dx , (1)
where F
(e)
µν and Fµν(Φ) are the electromagnetic field ten-
sors generated by the charge and the fluxon, respectively.
Eq. (1) can also be written in terms of more familiar elec-
tric and magnetic fields as
Lint =
1
4π
∫ (
B(e) ·B(Φ) −E(e) · E(Φ)
)
dx , (2)
whereB(e) (E(e)) andB(Φ) (E(Φ)) represent the magnetic
(electric) fields of the charge and the fluxon, respectively.
Lint can be simplified by adopting the relations B
(e) =
1
c
r˙×E(e) and E(Φ) = − 1
c
R˙×B(Φ), as,
Lint = (r˙− R˙) · ~Π , (3)
where
~Π =
1
4πc
∫
E(e) ×B(Φ)dx (4)
is the field momentum produced by the two particles.
Note that Eq. (3) is equivalent to the standard interaction
Lagrangian of [3, 5]
Lint =
e
c
(r˙− R˙) ·A , (5)
based on the vector potential A, except that the gauge
dependence is absent in the former (Eq. (3)).
In the low speed limit (|r˙|, |R˙| ≪ c), the Lagrangian of
the system is reduced to
L =
1
2
mr˙ · r˙+
1
2
MR˙ · R˙ + (r˙− R˙) · ~Π , (6)
where the field momentum is
~Π =
eΦ
2πc|r−R|
φˆ,
with φˆ being !the azimuthal unit vector of r − R. m
and M denote the masses of the charge and the fluxon,
respectively. This Lagrangian can also be transformed to
a Hamiltonian
H =
(p− ~Π)2
2m
+
(P+ ~Π)2
2M
, (7)
where p and P are the canonical momenta of the vari-
ables r and R, respectively.
3B. Understanding the force-free Aharonov-Bohm
effect
Several noticeable features can be found from the La-
grangian of Eq. (6) (or from the Hamiltonian of Eq. (7)).
First, this Lagrangian is equivalent to the one represented
by the vector potential [3, 5], except that there is no free-
dom to choose a gauge in Eq. (6). The equivalence of the
“potential” and the “field-interaction” approaches is re-
stored.
Second, the Euler-Lagrange equation for the variable
r,
d
dt
(
∂L
∂r˙i
)
−
(
∂L
∂ri
)
= 0,
leads to
mr¨ = q(r˙− R˙)×B(Φ) = 0 . (8)
Similarly, for the fluxon’s variable R, we get
MR¨ = −mr¨ = 0. (9)
That is, there is no mutual classical force between the
two particles, contrary to the previous classical explana-
tion of the AB effect based on the field interactions [9–
12]. This implies that the classical force claimed in the
previous schemes is an error which results from ignor-
ing the relativistic invariance. For instance, if −R˙ · Π
term (which corresponds to the electric field interaction)
is neglected in Eq. (6), the Lagrangian does not satisfy
the relativistic invariance, and we find that MR¨ 6= 0
(whereas mr¨ = 0), violating Newton’s 3rd law. This was
the basis of the claim in Ref. [10]. Apparently, this force
is absent if the Lorentz invariance is taken into account
in the Lagrangian.
Third, on encircling around the fluxon, the charge ac-
quires an AB phase
φAB =
1
h¯
∮
~Π · dr =
eΦ
h¯c
. (10)
The same is true for the fluxon encircling around the
charge. Recall that, in obtaining this result, we have
not relied on the vector potential. Force-free AB phase
can be explained in a general way without the notion of
potential, in contrast to the standard nonlocal viewpoint.
It is usually believed that the local-interaction model
without a potential cannot properly take account of the
force-free AB effect. Part of the reason for this view origi-
nates from the reaction force argument claimed in Ref. 9–
12, which was proven to be incorrect. For example, it was
shown (page 25-26 of Ref. 14) that the erroneous force,
derived from the interaction energy 14pi
∫
B(e) · B(Φ) dx,
is removed if the electromotive force (emf) generated by
the moving charge is also taken into account in the field
energy. We believe that this is one of the main reasons
why the local-interaction approach, which is quite nat-
ural, has been widely overlooked. However, the latter
contribution (emf) is included in our framework in the
electric term − 14pi
∫
E(e) · E(Φ) dx of the interaction La-
grangian (Eq. 2). The erroneous reaction force is absent
in our local-interaction model.
Our findings are not limited to the two point particles
in two dimension, but can be applied to more realistic
case with distributed flux (charge). Consider, for exam-
ple, a charge (e) and distributed magnetic flux schemat-
ically drawn in Figure 2. The interaction Lagrangian in
this case is given in the same form of Eq. (6) with the
field momentum replaced by
~Π =
e
2πc
∫
S
φˆB d2R
|r−R|
. (11)
The integral is over the cross sectional area S of the flux
lines, and φˆ is the azimuthal unit vector of r − R. The
force-free nature of the interaction is maintained. Also,
it is straightforward to show that the one-loop integral
of ~Π gives the AB phase of φAB = eΦ/(h¯c), where Φ is
the net magnetic flux.
IV. CONCLUSION
Since the discovery of the AB effect, it has become a
common notion that a framework based on the local ac-
tion of fields is impossible in quantum mechanics. Here
we have provided an alternative, unified framework based
on the Lorentz-covariant field-interaction. It shows that
the AB phase shift can be universally described in terms
of the local interaction of fields. Our result does not
reduce the significance of the AB effect, nor that of its
various applications, such as the concept of gauge field.
It suggests, however, the following crucial change in our
understanding of the electromagnetic interaction in quan-
tum theory. First, vector potential is eliminated in our
scheme, and thus, the force-free AB effect can be ex-
plained purely in terms of local field interactions. This
possibility was recently addressed with some specific ex-
amples by Vaidman [15]. Our result shows, in a general
way, that there is no physical effect in the absence of a lo-
cal overlap of fields. Second, our study restores the equiv-
alence of the potential-based and the field-interaction-
based schemes in quantum theory of electromagnetic in-
teractions. The equivalence is already present in the La-
grangian of the system, and therefore, there is no rea-
son to discard the field-interaction approach for treating
a quantum mechanical problem. Third, the AB effect
can be described in a unified framework independent of
the reference frame, without a need for distinction of its
type [6]. With this unified viewpoint, the principle of
relativity is fully restored. Fourth, there is no freedom
to choose a gauge for a potential in our scheme, simply
because the Lagrangian is uniquely determined by the
field strengths. This is also closely connected to the fact
that the flux-dependent local phase variation is uniquely
determined in an Aharonov-Bohm loop [16]. Finally, it
4is straightforward to apply the Lorentz-covariant field-
interaction framework to the electric AB effect. This
implies that all kind of the AB effect can be described in
a unified approach.
NOTE ADDED IN THE 5TH VERSION
The section with the title “Questions about shielding”
in the former version is removed, as it dealt with the
shielding classically which leads to misleading arguments.
For more complete analysis on the shielding of the local
interaction of fields, see our later work of Ref. 17.
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FIG. 1. (a) A charge (e) and a fluxon (Φ) in two dimension,
moving with velocities r˙ and R˙, respectively. (b) Classifica-
tion of the Aharonov-Bohm effect. In “Type I”, a charge is
moving in a field-free region, whereas in “Type II”, a fluxon
moves under the influence of an electric field produced by a
charge.
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FIG. 2. A moving charge in the presence of a distribution of
the magnetic field B.
